An automated, silicon-based microreactor system has been developed for rapid, low-volume, multidimensional reaction screening. Use of the microfluidic platform to identify transformations of densely functionalized bicyclo[3.2.1]octanoid scaffolds will be described.
Introduction
Historically, major pharmaceutical breakthroughs have been enabled by complex chemical structures -often, complex natural products -with unique biological mechanisms. 1 Recently, there have been numerous efforts to discover new complex chemical scaffolds through organic synthesis. 2 As part of our interest in the synthesis of new chemotypes and structural frameworks, we recently formulated a new approach to chemical reaction discovery termed "multidimensional reaction screening." 3 In this approach, chemical reactions are evaluated using multiple variables in an array format. Efforts such as multidimensional reaction screening address an ongoing challenge in drug discovery: the decreasing availability of new chemical entities for biological screening and the need for discovery of new synthetic methodologies to access novel compounds of interest. 4 Miniaturization and automation of biological screening have enabled an unprecedented level of throughput. 5 However, such developments have been slower in the area of chemical reaction discovery. 6 The recent rise of microfluidic technologies has presented an opportunity for the development of tools to enable small scale, rapid chemical reactions which may be applied to discovery endeavors. 7 Herein, we report the development of an automated microfluidic platform and a series of multidimensional reaction screens involving bicyclo [3. 2.1]octanoid scaffolds, 8 multifunctional chemotypes 9 presenting an array of functionality for reaction discovery (Figure 1 ).
Numerous reports have indicated that reactions performed within microreactors generate products in greater yield and purity and in shorter times in comparison to traditional batch conditions owing to the high heat and mass transfer and capability of obtaining wider ranges of temperature. 10 The continuous flow operations and small volume inherent to microreactors enable multidimensional screening to be performed quickly while minimizing required amounts of reagents. These features also render microreactors powerful tools for screening applications involving expensive catalysts 11 and reagents that are difficult to synthesize in bulk. 12 Additionally, microreactors are ideal for screening highly reactive intermediates 13 and for analyzing reaction conditions that cannot be easily achieved with conventional laboratory equipment. 14 Ismagilov and coworkers recently reported studies that highlighted the advantages of microfluidic screening as an alternative to the more commonly used 96-well plates. 15, 16 In their study, reactions were preloaded into capillary cartridges as nanoliter plugs (droplets), demonstrating the potential for microfluidic reaction screening. Continuous flow screening conducted by Ley and coworkers 17 represents another approach that offers many of the same advantages of microfluidics. In the current work, we expand the field of reaction screening by introducing an automated microfluidic system capable of selecting chemical reagents and solvents, as well as varying reaction times and temperature.
Results and Discussion

Automated Platform
We have constructed an automated microfluidic platform capable of conducting programmed multidimensional arrays in a sequential format ( Figure 2 ). The ability to perform a series of specified reactions was made possible by the incorporation of a liquid handler equipped with four independently controlled sample probes. To maintain an inert environment for reagents, we designed and fabricated a 96-well reagent block that accommodates commercially available glass sleeves that are sealed with a silicon rubber septum ( Figure 3 ). The integrity of the reagents within the block is maintained by an inert gas chamber mounted over the sample wells. This chamber also serves as a source of inert gas during reagent transfer. During the screening procedure, reagents are drawn from this reagent block by syringes and injected into the microfluidic platform as boluses.
Pulse Flow
Our specific goal was to develop a screening platform capable of executing one to several thousand analytical scale reactions. One microfluidic technique utilizes a two-phase flow system, where the reaction droplets are separated by a fluorinated carrier fluid or a gas phase. 15, 18, 19 However, both of these methods have limitations in reaction screening applications. For example, solubility of the fluorinated liquid into the reaction droplet increases with higher temperatures, 20 and the use of a gas phase may lead to cross-contamination of the reaction droplets via the liquid meniscus between two droplets. Therefore, a comprehensive range of reaction conditions without cross-contamination was obtained by injecting reactions pulses into a continuous stream of solvent and by incorporating an optically triggered collection system. As illustrated in Figure 4 , reagent pulses (boluses) were individually introduced into the microreactor through the liquid handler and coalesced into a single reaction pulse after entering the microreactor. 21 A disadvantage of applying this homogenous flow style is the axial dispersion of the reaction pulses associated with laminar flow (Figure 4a ). 22 To account for this dispersion, an optically triggered fraction collection system was established to collect the central section of these pulses, while the tail ends were discarded ( Figure 4b ). The dispersion was also reduced by minimizing dead volumes and the lengths of PTFE tubing between the injector and the reactor. Furthermore, programmed delays between the reaction pulses were incorporated to prevent cross-contamination.
Reactor Design
A silicon microreactor was developed based on a design previously used for liquid-phase 23 and gas-liquid 24 reaction optimization. In the current design, use of T-junctions and increased serpentine channels results in improved mixing over a broader range of chemical applications compared to the previous reactor design. The microreactor layout consists of three fluid inlets, followed by an 18 μL mixing zone and a 69 μL reaction zone which terminates at the quench inlet ( Figure 5 ). The quenched mixture flows through another mixing zone to ensure full and rapid quenching of the reaction.
The microfluidic channels and ports were etched into silicon wafers by a deep reactive ion etch (DRIE). The silicon surface was then oxidized to silica (glass) and anodically bonded to a Pyrex wafer to cap the channels, providing a glass surface that is compatible with most organic solvents. The high thermal conductivity of silicon microreactors results in fast temperature equilibration; its mechanical strength enables reactions to be investigated at pressures up to 100 bar with an appropriate packaging technique. 25 Fluidic connections to the chip were achieved with a compression packaging scheme ( Figure  6 ). This compression chuck houses the microreactor and a thermoelectric (TE) element capable of heating or cooling the microreactor by adjusting the electric current. 26, 27 The wetted material of the compression piece (top half) is made from stainless steel to ensure compatibility with a broad range of reagents, while the bottom portion is constructed from aluminum to create a sufficient heat sink with high thermal conductivity for the thermoelectric device. The reaction temperature is monitored with a thermoresistor that is in direct contact with the microreactor and is inserted into the top plate.
As previously mentioned, it is necessary for each reagent pulse to enter the main reactor channels simultaneously. Accomplishing this task required the compression piece ports and the inlet channels to be designed such that the pressure drops across each reagent inlet channel were equal. Such an arrangement allows the first two reagents to enter the first T-mixer simultaneously, and the resultant stream enters the second T-mixer at the same time as the third inlet flow. This coalescence was confirmed using FEMLAB ® simulations. At a flow rate of 15 μL/min (5.8 min. residence time), the simulations also showed that 90 % of the mixing occurs within the first 15 % of the mixing zone (3 % of total residence time), ensuring fast mixing of the components.
Reaction times ranging from 1 to 30 minutes were controlled by adjusting the flow rate of the multi-head syringe pump. The quench stream in the reactor is an important feature that sets finite and uniform reaction times for the sequential reactions. Temperatures ranging from -30 to 100 °C were achieved by using the thermoelectric module and incorporating a sufficient heat sink. Collection of individual reaction pulses was achieved by coupling an optical trigger, an analytical scale switch, and a 96 well plate fraction collector. Analysis of the reaction screens was performed by UPLC/MS/ELSD.
Scaffold Synthesis
The synthesis of bicyclo[3.2.1]octanoid scaffolds derived from [5+2] cycloaddition of quinone monoketals and styrene derivatives was first reported by Bühi and coworkers in their work towards the synthesis of neolignan natural products. 8 Further efforts resulted in an improved synthesis of bicyclo[3.2.1] derivatives. 28, 29 Based on these studies, we were able to develop optimized conditions for the synthesis of five bicyclo[3.2.1] substrates (Table 1) using carefully controlled addition of water. The relative stereochemistry of bicyclo[3.2.1] scaffold 7 was confirmed by X-ray crystallographic analysis. 30 The relative stereochemistry of bicyclo[3.2.1] substrates 8-11 was confirmed via 1 H coupling constant and 1D nOe analyses. 30 During reaction optimization, we observed that when rigorously water-free conditions were utilized for [5+2] cycloaddition of monoketal 1 31 and styrene (Scheme 1), the major product was diene 12 rather than the desired bicyclo[3.2.1]octanoid 7. Ring-opened product 12 appears to arise from a retro-Dieckmann-type process with oxonium intermediate 13 and the methanol liberated during formation of oxonium intermediate 14. 32 Addition of water effectively competes with methanol to preferentially afford the desired bicyclo[3.2.1]octanoid 7. However, the addition of more than one equivalent of water resulted in competing hydrolysis of oxonium intermediate 14 affording benzoquinone 15. Reaction optimization revealed that the optimal amount of water needed in the reaction to maximize the yield of the desired bicyclo [3.2.1]octanoid 7 was 0.65 to 0.75 equivalents.
Multidimensional Screening of Bicyclo[3.2.1]octanoid Scaffolds
The dense functionality of multifunctional bicyclo[3.2.1]octanoid scaffolds such as 7 and 9 is highly desirable for reaction discovery. Using these scaffolds, 23 heteroatom nucleophiles, 16 carbon/dipole nucleophiles, and 16 electrophiles (reaction partners) were screened using the microfluidic platform ( Figure 7 ). Due to the presence of multiple electrophilic centers on the substrate, reaction partners capable of tandem nucleophilic additions (e.g. 22, 23, 24, 26, and 32) were also included. Two non-nucleophilic bases offering a range of basicity, 1,5,7triazabicyclo Reaction times of 5 min and 20 min were achieved by utilizing set flow rates of 4.5 μL/min and 1.2 μL/min, respectively (multi-head syringe pump with 4 -10 mL syringes). Reactions were quenched in the reactor with 10 % v/v acetic anhydride (continuous flow) and collected into 96 well plates using UV-triggered fraction collection. The diluted reactions (final concentration = 1 mg/mL) were analyzed using UPLC/MS/ELSD 33 without further preparation. Reactions affording >20 % conversion to a major product were subsequently scaled up and isolated using traditional bench chemistry methods for further characterization of reaction products.
Analysis of UPLC/MS/ELSD data for the reaction screen indicated positive outcomes for 11 out of 23 heteroatom nucleophiles (Figure 8 and 9 ). All primary amine nucleophiles afforded retro-Dieckmann-type ring-opened products 72 -93 (Tables 2 and 3 ). Although positive results utilizing bicyclo[3.2.1] substrate 7 were observed when either DBU or TBD were used, higher rates of conversion were generally observed using the latter base. Interestingly, positive results utilizing substrate 9 were only observed when TBD was used as base.
During scale-up and optimization of ring-opened products such as product 72, it became apparent that epimerization of the α-amide stereocenter was occurring, giving rise to the isolation of a mixture of diastereomers (Tables 2 and 3 ). It was also noted that greater rates of epimerization occurred with the stronger base, TBD, which is expected given a predicted pK a of ~25 for the α-amide proton. 34 Thus, the observed diastereomeric ratios reported in Tables 2 and 3 are primarily dictated by deprotonation kinetics, which are in part dependent on suitable alignment of the weakly acidic proton and the amide carbonyl. The relative stereochemistry of the major diastereomer of amide 83 was confirmed by X-ray crystallographic analysis. 30 Conformational analysis followed by ab initio (B3LYP, 6-31g*) minimization of both possible diastereomers of amides 72, 77, and 82 (Table 2) indicated that the major diastereomers are thermodynamically favored by approximately 1-2 kcal/mol. 30 This data indicates that while epimerization is under kinetic control, a thermodynamic equilibrium would still exist, favoring the initially formed diastereomer (cf. 72-93).
Heteroatom nucleophiles without an alkyl primary amine (e.g., benzylalcohol, p-anisidine, phenol, and O-benzylhydroxylamine) did not react under any of the conditions examined in the screen. This is attributed to the lower nucleophilicity of these reaction partners in comparison to those containing a primary alkyl amine. Similarly, secondary amines (e.g., Nmethylbenzylamine, piperidine, and pyrrolidine) did not react. The only exception was the reaction between pyrrolidine (29) and bicyclo[3.2.1] substrate 7 which afforded tertiary amide 77.
Reaction partners with the potential for tandem nucleophilic additions also afforded retro-Dieckmann-type ring-opened products, but did not undergo a second, intramolecular addition. As shown in Tables 2 and 3, the major isolated products were the acetylated amines and/or alcohols that were formed by quenching with acetic anhydride. While tandem addition products were not observed, tethered products were observed with diamino reaction partners 23 and 26. 30 Increasing the amount of diamine to 12 equivalents effectively prevented the formation of the tethered products. The utilization of the chiral diamine, 26, resulted in the formation of separable diastereomers (78/79 and 89/90). The absolute stereochemistry of 89 was confirmed by X-ray crystallographic analysis. 30 The relative stereochemistries of 78, 79, and 90 were assigned using NMR analysis. UPLC/MS/ELSD analysis of the carbon nucleophile microfluidics screening (cf. Figure 7 ) also indicated positive outcomes for reactions with 3-methoxyphenylmagnesium bromide (54) and isonitriles 44 and 47 (Figures 8 and 9 ). Interestingly, structure elucidation of the reaction utilizing Grignard reagent 54 indicated that addition occurred at the enone carbonyl exclusively over the bridgehead ketone ( Table 4 ). The addition afforded a single diastereomer, 98, with approach occurring opposite the phenyl group. 35 Related additions to bicyclo[3.2.1] octanoids have been reported; however, in this case stereoselectivity was not observed. 36 In order to determine scope and limitation for this reaction, additional commercially available Grignard reagents were investigated using traditional bench chemistry methods. As shown in Table 4 , Grignard reactions proceeded with excellent yield and afforded single diastereomers. Facial-selectivity for the addition to the diosphenol ether carbonyl was confirmed by X-ray crystallographic analysis of alcohol 100. 30 As indicated in Table 4 (entry 5), only allyl magnesium bromide underwent a second addition to the bridgehead ketone to afford tertiary alcohol 102. The relative stereochemistry of diol 102 was confirmed by 1D nOe analysis. 30 Furthermore, upon mild heating 102 underwent cyclization to afford polycyclic ketal 105 (Scheme 2).
Alcohol 100 derived from the addition of methyl Grignard was also treated with allyl magnesium bromide to afford diol 106, which upon heating gave the polycyclic ketal 107. Of the Grignard reagents investigated, only ethynyl Grignard (Table 4 , entry 6) resulted in the formation of two regioisomers. In this case, addition to the enone carbonyl was still favored, but single facially-selective addition to the bridgehead ketone did occur. In order to confirm the relative stereochemistry of 104, the tertiary alcohol was methylated using standard NaH/ MeI conditions to afford the corresponding methyl ether, which was used to conduct 1D nOe analysis. 30, 37 Presumably, the smaller ethynyl functionality presents a smaller steric profile than the other Grignard reagents investigated and thus is able to approach the bridgehead ketone from the less hindered face bearing the α-methoxy enone.
Elucidation of the successful microfluidics reactions of bicyclo[3.2.1] substrates 7 and 9 with isonitriles 44 and 47 revealed that a [3+2] cycloaddition had occurred at the bridgehead ketone 38 in a 1:1 diastereomeric ratio affording oxazoline spirocycles (e.g., 108 and 109 , Scheme 3). Diastereoselectivity of the cycloaddition occurs through addition to the less hindered face bearing the α-methoxy enone. These structural assignments were supported by 1D nOe analyses (Scheme 2). 30, 39 The oxazoline spirocycles 108 -111 were found to be prone to hydrolysis, affording a ring-opened formamide. 39a Reaction products derived from ptoluenesulfonyl methyl isocyanide (44) suffered significant decomposition while on silica and could not be cleanly isolated.
Interestingly, when an isocyanide lacking an α-acidic proton (49) was utilized, no reaction occurred. This suggests that the formation of an isonitrile ylide intermediate 39a in the presence of base is a critical step in this process. Based on this observation, we investigated an additional nitrile ylide using a standard batch reaction (Scheme 4). 40 Structure elucidation of the isolated product revealed formation of the unusual polycyclic imine 113. The structure was confirmed by X-ray crystallographic analysis. 30 Selective reduction of the imine using NaBH 3 CN and acetic acid afforded 114 as a single diastereomer. 41 A proposed mechanism for the dipole condensation reaction is shown in Scheme 5 and takes advantage of the proximity of the diosphenol ether and bridgehead ketone on the bicyclo[3.2.1] octanoid scaffold. Addition of the dipole to the bridgehead ketone generates the nitrilium zwitterion 115. 42 The enol ether may then undergo intramolecular addition to the emerged nitrilium to afford oxonium intermediate 116. Base-mediated proton transfer generates a new zwitterion 117 which undergoes intramolecular cyclization to afford 113.
Finally, UPLC/MS/ELSD analyses of the electrophile reaction partner subset did not reveal any successful transformations. The lack of reactivity with the electrophiles was unexpected given the participation of the diosphenol ether moiety observed in the formation of polycyclic imine 113.
Conclusion
A microfluidic reaction platform has been developed and used for multidimensional reaction screening of highly functionalized bicyclo[3.2.1]octanoid scaffolds. This study represents a successful application of microfluidics technology to reaction discovery allowing for over 1000 reactions to be screened and analyzed on an analytical scale. Use of the microfluidic platform enabled expansion of an interesting retro-Dieckmann-type fragmentation affording highly functionalized cycloheptenone derivatives. Furthermore, [3+2] cycloaddition involving the bridgehead ketone of the bicyclo[3.2.1]octanoid scaffolds and isocyanides was observed in the reaction screen. These dipole cycloadditions inspired the ultimate discovery of a stepwise condensation of an isonitrile ylide to afford a novel polycyclic imine. Finally, use of moisture sensitive Grignard reagents with the microfluidics platform resulted in the discovery of chemoand stereo-selective additions to the bicyclo[3.2.1]octanoid scaffolds, highlighting the overall reagent capability of the screening platform. Additional applications of microfluidics-enabled multidimensional reaction screening and expansion of the platform capabilities for reaction optimization and scaleup are currently underway and will be reported in due course. (1R,5R,6R,7R)-3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-ene-2,8-dione (±) (7) To a oven-dried vial was added dry (1S)-(+)-10-camphorsulfonic acid (CSA) (63 mg, 0.27 mmol) followed by anhydrous CH 3 CN (3 mL), water (3.7 μL, 0.21 mmol), and β-transmethylstyrene (70 μL, 0.54 mmol). To this mixture was added 3,4,4-trimethoxycyclohexa-2,5dienone (50 mg, 0.27 mmol) dissolved in CH 3 CN (1 mL). The reaction was stirred at rt for 1.5 h, quenched with triethylamine (38 μL) and stirred for 15 min. The solution was diluted with sat. NaHCO 3 
Experimental Section
Bicyclo[3.2.1]octanoid (±) 9
To a oven-dried vial was added dry (1S)-(+)-10-camphorsulfonic acid (CSA) (63 mg, 0.27 mmol) followed by anhydrous CH 3 CN (3 mL), water (3.7 μL, 0.21 mmol), and 2-methylindene (73 μL, 0.54 mmol). To this mixture was added 3,4,4-trimethoxycyclohexa-2,5-dienone (50 mg, 0.27 mmol) dissolved in CH 3 CN (1 mL). The reaction was stirred at rt for 1.5 h, quenched with triethylamine (38 μL) and stirred for 15 min. The solution was diluted with sat. 
General procedure for analytical reaction screening (automated microfluidics platform)
Stock solutions of substrate (0.125 M), reaction partner (0.25 M), and base (0.15 M) were prepared in DMSO or CH 3 CN (anhydrous) while maintaining dry handling. The solutions were placed in a custom designed 96-well aluminum holding block fitted with oven-dried glass sleeves. This was covered with an inert gas chamber and sealed. The block was attached to the microfluidics platform and a slow steady stream of argon was passed through the inert gas chamber. System parameters were first set to achieve 5 min reactions (microreactor residence time) at 30 °C. Longer reaction times at elevated reaction temperatures were achieved by decreasing the syringe pump flow rate and increasing the power supply to the TE heating module. Reactions were quenched on the microreactor by flowing acetic anhydride (10 % V/ V in DMSO or CH 3 CN) into the quench port. Individual reactions were collected into 96-well plates using optical detection. Each reaction was analyzed by UPLC/MS/ELSD (10-90 % CH 3 CN, 2 min). Reactions affording >20 % conversion to a major product were subsequently scaled up and isolated, using traditional bench chemistry methods, for further characterization. A sample UPLC/ELSD Profile for substrate 7 and benzylamine (16) is provided below.
(1R,6S,7R,E)-N-benzyl-3-methoxy-7-methyl-4-oxo-6-phenylcyclohept-2-enecarboxamide (±) (72)
To an oven-dried 1 dram vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3ene-2,8-dione (7) (40 mg, 0.16 mmol) and anhydrous CH 3 CN (0.90 mL) followed by the addition of benzylamine (34 μL, 0.31 mmol). To this mixture was added DBU (28 μL, 0.19 mmol) in anhydrous CH 3 CN (100 μL). The reaction was stirred at rt for 60 min under argon and quenched with the addition of acetic anhydride (44 μL, 0.47 mmol) in CH 3 CN (400 μL). The reaction was filtered through a short plug of silica and washed with CH 3 CN (2 mL × 3, until all the product was eluted from the silica plug as indicated by TLC). The eluent was then evaporated in vacuo. The crude material was purified by flash chromatography (SiO 2 , 40:1 CH 2 Cl 2 :MeOH) to afford 72 as a mixture of diastereomers in 20:1 ratio (dr was estimated from crude UPLC/ELSD) (63 %, 36 mg, 0.098 mmol). (1R,6S,7R,E)-N-(4-methoxybenzyl)-3-methoxy-7-methyl-4-oxo-6-phenylcyclo hept-2enecarboxamide (±) (77) To an oven-dried 1 dram vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3ene-2,8-dione (7) (40 mg, 0.16 mmol) and anhydrous CH 3 CN (0.90 mL) followed by the addition of pyrrolidine (26 μL, 0.31 mmol). To this mixture was added TBD (26 mg, 0.19 mmol) in anhydrous CH 3 CN (100 μL). The reaction was stirred at rt for 60 min under argon and quenched with the addition of acetic anhydride (44 μL, 0.47 mmol) in CH 3 CN (400 μL). The reaction was filtered through a short plug of silica and washed with CH 3 CN (2 mL × 3, until all the product was eluted from the silica plug as indicated by TLC). The eluent was then evaporated in vacuo. The crude material was purified by flash chromatography (SiO 2 , 40:1 CH 2 Cl 2 :MeOH) to afford 77 as a mixture of diastereomers in 9:1 ratio (dr was estimated from crude UPLC/ELSD) (56 %, 29 mg, 0.087 mmol). Characterization data for major diastereomer: 1 
(1R,6S,7R,E)-N-(4-methoxybenzyl)-3-methoxy-7-methyl-4-oxo-6-phenylcyclohept-2enecarboxamide (±) (84)
To an oven-dried 1 dram vial was added bicyclo[3.2.1]octanoid 9 (40 mg, 0.15 mmol) and anhydrous CH 3 CN (0.90 mL) followed by the addition of benzylamine (30 uL, 0.30 mmol). To this mixture was added TBD (25 mg, 0.18 mmol) in anhydrous CH 3 CN (100 μL). The reaction was stirred at rt for 60 min under argon and quenched with the addition of acetic anhydride (42 μL, 0.45 mmol) in CH 3 CN (400 μL). The reaction was filtered through a short plug of silica and washed with CH 3 CN (2 mL × 3, until all the product was eluted from the silica plug as indicated by TLC). The eluent was then evaporated in vacuo. The crude material was purified by flash chromatography (SiO 2 , 40:1 CH 2 Cl 2 :MeOH) to afford 84 as a mixture of diastereomers in 7:1 ratio (dr was estimated from crude UPLC/ELSD) (72 %, 40 mg, 0.11 mmol). Characterization data for major diastereomer: 1 (1R,4S,5S,6R,7R)-4-hydroxy-3-methoxy-4-(3-methoxyphenyl) 
-7-methyl-6-phenylbicyclo [3.2.1]oct-2-en-8-one (±) (98)
To an oven-dried vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-ene-2,8dione (7) (40 mg, 0.16 mmol) and anhydrous THF (4.0 mL). The reaction mixture was cooled to 0 °C while under argon. To this mixture was added 1.0 M 3-methoxyphenylmagnesium bromide in THF (470 μL, 0.47 mmol) dropwise via syringe over 1 min while at 0 °C. The reaction was warmed to rt with continued stirring for 30 min. The reaction was cooled back down to 0 °C and quenched with the addition of water (20 μL). This mixture was warmed to rt, diluted with water (20 mL) and extracted into CH 2 Cl 2 (15 mL × 3). The organic fractions were combined, washed with brine (20 mL), dried over sodium sulfate, filtered, and evaporated in vacuo. The crude product was purified by flash chromatography (SiO 2 , 40:1 CH 2 Cl 2 :EtOAc) to afford 98 as an amorphous clear/white solid (96 %, 54 mg, 0.15 mmol). 1 
(1R,2R,5R,6R,7R,8S)-2,8-diallyl-3-methoxy-6-methyl-7-phenylbicyclo[3.2.1] oct-3-ene-2,8diol (±) (102)
To an oven-dried vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3-ene-2,8dione (7) (40 mg, 0.16 mmol) and anhydrous THF (4.0 mL). The reaction mixture was cooled to 0 °C while under argon. To this mixture was added 1.0 M allylmagnesium bromide in diethyl ether (470 μL, 0.47 mmol) dropwise via syringe over 1 min while at 0 °C. The reaction was warmed to rt with continued stirring for 30 min. The reaction was cooled back down to 0 °C and quenched with the addition of water (20 μL). This mixture was warmed to rt, diluted with water (20 mL) and extracted into CH 2 Cl 2 (15 mL × 3). The organic fractions were combined, washed with brine (20 mL), dried over sodium sulfate, filtered, and evaporated in vacuo. The 
Polycyclic ketal (±) (105)
To a 1 dram vial was added diol 102 (20 mg, 0.059 mmol) followed by the addition of THF (1 mL). The reaction mixture was heated to 50 °C for 8 h while stirring. The reaction was concentrated and purified by flash chromatography (SiO 2 , 40 
(1R,4'S,5R,5'R,6R,7R)-methyl 3-methoxy-7-methyl-4-oxo-6-phenyl-4'H-spiro[bicyclo[3.2.1] oct[2] ene-8,5'-oxazole]-4'-carboxylate (±) (108) and (1R,4'R,5R,5'R,6R,7R)-methyl 3methoxy-7-methyl-4-oxo-6-phenyl-4'H-spiro[bicyclo[3.2.1]oct[2]ene-8,5'-oxazole]-4'carboxylate (±) (109)
To an oven-dried 1 dram vial was added 3-methoxy-6-methyl-7-phenylbicyclo[3.2.1]oct-3ene-2,8-dione (7) (40 mg, 0.16 mmol) and anhydrous CH 3 CN (0.90 mL) followed by the addition of isocyanoacetate (28.3 μL, 0.312 mmol). To this mixture was added DBU (28 μL, 0.19 mmol) in anhydrous CH 3 CN (100 μL). The reaction was stirred at rt for 60 min under argon, quenched by filtering through a short plug of silica and washed with CH 3 CN (2 mL × 3, until all the product was eluted from the silica plug as indicated by TLC). The eluent was then evaporated in vacuo. The crude material was purified by flash chromatography (SiO 2 , 1: 
Poylcyclic imine (±) 113
To a oven-dried 1 dram vial was added N-(4-nitrobenzyl)benzimidoyl chloride (112) (40 mg, 0.15 mmol), 3-methoxy-6-methyl-7-phenylbicyclo [3.2.1]oct-3-ene-2,8-dione (7) 
Polycyclic amine (±) 114
To an oven dried 1 dram vial was added polycyclic imine (113) (30 mg, 0.061 mmol) followed by the addition of MeOH (1 mL). Next was added NaCNBH 3 (46 mg, 0.73 mmol) and acetic acid (42 μL, 0.73 mmol). The reaction was capped and stirred at rt for 1 h. The reaction was extracted into CH 2 Cl 2 (10 mL) and washed with water (10 mL × 2) then brine (10 mL). The organic portion was dried over Na 2 SO 4 Automated microfluidic platform for reaction screening. Components include: (a) computer with operating software, (b) multi-head syringe pump, (c) liquid handler, (d) 96-well reagent block, (e) compression packaging that houses microreactor and thermoelectric module, (f) UV detection for optical triggering, (g) sampling valve, (h) 96-well plate fraction collector, and feedback control loops (i -k) for reagent injection, temperature control, and sample collection, respectively. Layout of the silicon microreactor used for multidimensional screens. Compression packaging unit used in screening applications. The unit houses microreactor and thermoelectric device used for heating/cooling. 
